Abstract: We propose a nanoparticle trapping approach using a plasmonic nanostructure with inhomogeneous temperature fields. Results show that the thermal force, together with the near-field optical force, makes plasmonic nanostructures a flexible and wide-range manipulation strategy for nanoparticles. The thermal effect becomes important for trapping small nanoparticles and holding nanoparticles in a wider range. By spatially changing the temperature field, the thermal effects of the plasmonic nanostructure can be designed for tailoring effective trapping potentials.
Introduction
Optical trapping for micro or nanometer-sized particles plays an important role in the performance of surface plasmonic devices like the bio-or chemical sensor [1] . It has been successfully implemented in two size ranges: the subnanometer scale due to light-matter mechanical coupling and the micrometer scale via the momentum transfer resulting from light scattering. It is a challenge to apply these techniques to the intermediate nanoscale range. Surface plasmon resonance can enhance significantly optical force on nanoparticle due to confine and amplify electromagnetic field strength and gradient in the near field [2] , [3] . It is benefit to have achieved for optical trapping of nanoparticles with trapping range beyond the diffraction limit. It has been shown that surface plasmon polaritons at a glass/Au/water interface produce a 40-times increase in the optical forces on nanometer-sized dielectric particles [3] . It is important to note that plasmonic nanostructures efficiently absorb electromagnetic radiation energy around the plasmonic resonant frequency because of the Ohmic loss of the plasmonic materials [4] . A consequence of the strong absorption of light energy associated with the plasmonic resonance is heat generation [5] , [6] . In most cases, the thermal effect on nanoparticle trapping has been eliminated [7] , because temperature increase usually less than a few degrees (°C). However, its impact on the local micro-environment can greatly alter nanoparticle transport [7] , [8] . The magnitude of optical gradient force decreases with the volume of the nanoparticle and that of thermal gradient force decreases directly proportional with the particle radius [9] . Therefore, for smaller nanoparticles, nanoparticles escape from the optical trapping easier because Brownian motion by the thermal effects plays a greater role [10] . The thermal effects are important for plasmonic nanoparticle trapping due to the fact that it has a much wider working range compared to optical force [11] .
Optical trapping of nanoparticles have been reported which aided by surface plasmon resonance by nanostructures with different shapes [12] - [14] , such as metallic thin film [15] , nanoholes in metallic film [16] , plasmonic pillars [7] , [17] , and plasmonic gap antennas [18] - [21] . Most of them refer to periodic constructure such as lattice and hole array on metal film, it is not easy to limit and control thermal in the micro-range field due to high thermal conductivity of metal. Such photothermal effects have recently been discussed in plasmonic optical trapping studies [22] - [24] . The studies show that nanoparticle manipulation can be achieved by exploiting both the near field enhancement and the heat generation of plasmonic nanostructures [24] , [25] . Optical forces due to plasmonic field enhancement and confinement allow trapping nanoparticles with precision beyond the diffraction limit, while thermal effects of plasmonic nanostructures enable trapping nanoparticles over a wide range. This opens a new route toward nanoscale control of motion of nanoparticles, thermal properties, with potential applications to drug delivery, thermal management, and bio-sensing [26] - [30] .
In this paper, we propose a plasmonic structure for creating inhomogeneous temperature fields in order to trap nanoparticles. The structure consists of multiple nanostructures in an isolated metallic film with micrometer size. The nanostructures in the metallic film allow plasmon resonance excitation in the visible light range, while the overall micrometer size structure increases energy absorption and enhances temperature gradient.
Thermal Effect Theory and Plasmonic Nanostructure

Thermal Effect on Nanoparticle Trapping
Plasmonic nanostructures can efficiently absorb light energy around plasmonic resonance frequency and convert it into heat that dissipated to surrounding medium [31] , [32] . The temperature distribution T ðr; t Þ is described by thermal diffusion equation [33] c @T ðr; t Þ @t À r Á K ðr ÞrT ðr; t Þ ½ ¼pðr; t Þ
where is the mass density, c is the thermal capacity, and K is thermal conductivity both of the plasmonic material and of the surrounding medium. pðr; t Þ refers to the heat generation density related with the absorption of nanostructure. The probability density distribution pðrÞ for finding the particle at a certain position r is given by the Smoluchowski equation [34] :
Here, f c is the friction constant, and F is the thermal force acting on the particle due to the present of the temperature gradient. D is the Brownian diffusion coefficient. For stationary solution, the thermal force F is written as the following by introducing the definition of the Soret coefficient S T ¼ D T =D:
Here, D T is the thermal diffusion coefficient or thermophoretic mobility, and ¼ 1=k B T . k B is Boltzmann's constant. The resulting drift motion induced by optical-thermal conversion v T ¼ ÀD T rT is proportional to the temperature gradient rT and the thermodiffusion coefficient D T . The effect causes the particle to move from the hot to the cold for positive S T and a motion along the direction of the temperature gradient for negative S T [22] , [23] .
Plasmonic Nanostructure Details
The plasmonic nanostructure for creating inhomogeneous temperature fields is shown in Fig. 1 . It is composed of four holes with radii r 1 ¼ 150 nm and one hole with radius r 2 ¼ 100 nm on a gold (Au) disk with radius R of 1 micron and 100nm thickness. The top surface of gold disk coincides with XY plane of coordinate system, and the center of the smaller hole with radius of 100 nm is at the origin of coordinate system. The center-center distances d between holes with radii of 150 nm are 200 nm. The plasmonic nanostructure (thermal conductivity of 317 W m
is placed on the glass substrate with low thermal conductivity of 1.4 W m À1 K À1 . The incident light with linear or circular polarization illuminates the plasmonic nanostructure from the substrate. The electromagnetic field distribution is calculated by finite difference time domain (FDTD) method [24] , [25] , with material data taken from [35] .
Simulation Results
Absorption and Scattering
The absorption and scattering spectrum of the plasmonic nanostructure illuminated by linear polarization (LP) incident light is shown in Fig. 2 . As we can see, there are two major strong scattering peaks at wavelengths of 594 nm and 750 nm but no sharp absorption peaks in the visible light wavelength range. The excitation of the surface plasmon oscillation gives rise to the radiative property of the structure. However, the absorption is not significantly enhanced because of the complex configuration of the plasmonic structure. For shorter wavelength, the absorption is strong because multiple positions in the metallic structure are of the size of tens nanometers. The nanostructure supports plasmon resonances, and higher order plasmon modes generate strong absorption in the metallic film. 
Electric Field Distribution
To further understand plasmon modes and absorption of the plasmonic nanostructure, we study the field distribution at the resonance wavelength of 750 nm. Fig. 3 . shows the electric field distributions of the nanostructure in the xy plane for different polarizations. The electric field intensities are shown for linearly polarized light illumination in Fig. 3(a) , right-handed circularly polarized light illumination in Fig. 3(b) and left-handed circularly polarized light in Fig. 3(c) . Fig. 3(d) shows the electric field distribution of plasmonic nanostructure for 532 nm linear polarization without strong plasmon resonance. It is noticed that plasmonic resonance modes are excited at the wavelength of 750 nm, both for linear polarization and circular polarization. The electric field strength is significantly enhanced and better confined three-dimensionally comparing to that of 532 nm illumination without plasmonic resonance [see Fig. 3(d) ]. The distribution of plasmonic resonance modes in the nanostructure changes with the polarization state of illumination. While the plasmon mode is symmetric for linear polarization, the electric field distribution becomes asymmetric for circularly polarization excitation.
The optical trapping force on nanoparticles is proportional to the gradient of the localized electromagnetic field. Fig. 4 shows the optical force acting on a nanoparticle (refractive index 1.5, 40 nm diameter, 30 nm from the surface of the nanostructure) moving along the Y direction for Y-linearly polarized excitation. Maxwell stress tensor method has been used for the calculation of optical forces. It can be seen that multiple possible trapping positions are created in the nanostructure, but the maximal trapping force is realized near the center of the structure. The optical force is greatly enhanced because of plasmon resonance. 
Temperature Increase and Thermal Force
The heat generation rate in the nanostructure is proportional to the strength of electrical field jEj 2 . The enhancement of electrical field by plasmonic resonance can greatly increase electromagnetic energy absorption. According to (3), the thermal force is proportional to the Soret coefficient S T and temperature gradient rT . Fig. 5 shows the temperature increase around the structure simulated using (1) solved by finite element method. The maximum temperature increase is approximately 8 K for 10 9 W/m 2 incident intensity. Because the thermal conductivity of the plasmonic material (gold) is much higher than the surrounding medium (SiO 2 and water), the temperature distribution in the metallic nanostructure is almost uniform. However, the temperature field in the surroundings is inhomogeneous because of the complex geometry. The arrow plots in Fig. 5 illustrate the thermal force field around the nanostructure. It shows that thermal force fields can be tailored near the structure which contributes to confinement of nanoparticles.
To quantitatively study thermal effects, the thermal force at different positions is shown in Fig. 6 . We assume that the Soret coefficient S T ¼ 1 K À1 . The Soret coefficient does not vary significantly if the temperature increase is less than 10 K. However, S T varies significantly for different particle solutions. The typical Soret coefficient is on the order of 0:0001 $ 10 K À1 [36] and decreases directly proportional with particles radius and strongly dependent on temperature and particle size, and can even vary from positive to negative at various temperature for different nanoparticle suspensions [9] . As shown in Fig. 6(a) , the x component of thermal force Fx is of the order of pN at the distance z ¼ 200 nm. Fig. 6(b) shows Fx of thermal force at different positions away from the center of the structure while the distance from the surface of structure is kept same as z ¼ 100 nm. It shows that for longer distance from the structure, e.g., y ¼ 800 nm, the thermal force varies much slower comparing with the near field optical force. From Fig. 6(c) , we can see that thermal force is effective up to one micrometer above the structure. The thermal force induced by energy absorption of the plasmonic nanostructure is comparable to the optical forces in strength but have a much wider effecting range.
It is important to notice that the thermal force is comparable to the EM force (typical EM force is about the amplitude of fN for nanoparticles [25] ) in terms of the strength. The thermal force decays much slower than EM force which is effective in the near field. The thermal force facilitates nanoparticle trapping through varying Brownian motions at further distance away from the plasmonic nanostructures. While nanoparticles approach the structure, both thermal and optical forces contribute to particle trapping. As a result, nanoparticles can be trapped at positions balancing between optical force and thermal force. Furthermore, we can control particle movement by adjusting the Soret coefficient to be positive or negative through temperature or nanoparticle properties.
Conclusion
In conclusion, we have demonstrated a nanoparticle trapping approach based on plasmonic nanostructure with inhomogeneous temperature fields. It has been shown that the thermal force, together with the near field optical force, make plasmonic nanostructures a flexible and widerange manipulation strategy for nanoparticles. The energy absorption can also be easily adjusted by controlling the wavelength and polarization of excitation. The thermal effects of the nanostructure can be designed for tailoring effective trapping potentials by spatially changing the temperature field. The microscale geometry of the proposed structure makes it easier to fabricate and operate. The thermal effect of plasmonic nanoconstructure with micro-size can work effectively in a wider range than other nanostructures, such as nano-antennas. This approach can be easily applied to the design of many trapping structures and find applications in the field of colloidal science, protein binding, and molecular aggregation.
